viewed in Weis, 1998; Gö rlich and Kutay, 1999). Despite apparent differences in spindle assembly Exportins interact with their substrates only in the presence of RanGTP. After assembly in the nucleus, the trimeric exportin/RanGTP/cargo complex is translo- ‡ To whom correspondence should be addressed
RanGTP hydrolysis, which is induced by RanGAP and
The aim of this study was to identify the targets of RanBP1 and causes disassembly of the export complex Ran in mitotic spindle assembly. We show here that (Koepp and Silver, 1998; Mattaj and Englmeier, 1998 ; mitotic effects of Ran are mediated by the transport Weis, 1998; Gö rlich and Kutay, 1999). Members of the factor importin ␤. Importin ␤ acts as an inhibitor of spinexportin family include CRM1, CAS, and exportin-t (redle assembly in vitro and in vivo by sequestering a microviewed in Weis, 1998) . The general function of Ran in tubule aster promoting activity collectively termed APA. import and export is therefore to regulate the compartWe identify the nuclear mitotic apparatus protein (NuMA) ment-specific binding and release of transport subas one component of APA. RanGTP indirectly promotes strates, and Ran confers directionality to this nucleocymicrotubule polymerization by inducing the localized toplasmic transfer (reviewed in Nachury and Weis, 1999;  release of APA from importin ␤. Therefore, Ran functions Gö rlich and Kutay, 1999 whereas Ran levels remained unaffected in control merization ( Figure 3 ). RanQ69L bound to GTP was used to affinity deplete Xenopus egg extracts. To examine the depletion reactions ( Figure 1A ). The Ran depletion was specificity and efficiency of the approach, the depleted specific since no other major proteins coprecipitated extract (⌬RanBP extract) and a mock-treated extract ( Figure 1B ). When Ran-depleted extracts were assayed were compared using antibodies against known Ran for spindle formation in the presence of demembranated binding proteins ( Figure 3A ). All the members of the sperm nuclei, spindle assembly was severely inhibited importin ␤ superfamily tested here, including importin compared to reactions with control extracts (Figures 1C ␤ itself and the exportins CAS and CRM1, were removed and 1D). Spindle formation could be restored by the by more than 90% from the extract. In addition, more addition of recombinant Ran demonstrating that Ran than 99% of RanBP1 and RanGAP, and to a lesser extent was the only active component removed by this ap-RCC1, were depleted by the incubation with RanQ69L proach. The Ran-depleted extract was also used to anabeads. The levels of endogenous Ran remained unaflyze microtubule polymerization induced by either chrofected by the procedure. matin beads, or by high concentrations of RCC1 in the When assayed for spindle assembly, the mockabsence of chromatin ( Figure 1C) . Again, the formation treated control extract rapidly promoted the formation of spindles and spindle-like structures was greatly imof ectopic asters following RanQ69L-GTP addition but, paired after Ran depletion, and RCC1 was no longer able as expected, did not form any microtubule-containing to induce the formation of ectopic microtubule asters. One explanation for this surprising result is that the type Ran were expressed as GFP fusion proteins and RanQ69L matrix removed an activity that inhibits sponadded to Xenopus egg extracts. When spindle assembly taneous microtubule polymerization. However, the exwas induced by the addition of sperm nuclei, GFP-Ran periment did not rule out that removal of RanBPs and was found to be 2-to 3-fold enriched on condensed RanGAP stabilized Ran in the GTP bound form and that chromatin. However, no overlap was detected between endogenous RanGTP was responsible for the observed the Ran signal and microtubules during the course of aster formation. spindle assembly, or during the formation of GFPTo differentiate between these two possibilities, enRanQ69L-induced asters (Figure 2 and data not shown).
dogenous Ran was removed from the ⌬RanBP extract This result implies that Ran does not stably interact with using the affinity-depletion method described above. As microtubules and suggests that RanGTP regulates microshown in Figure 1 results predicted that APA is present in an activated/ 1996). Since NuMA is present in the MAP fraction and was found to be specifically enriched in the eluates free form in ⌬RanBP extracts and binds either directly or indirectly to importin ␤. We therefore tested whether of the importin ␤ column (data not shown), we tested whether recombinant NuMA is able to interact with imaddition of the ⌬RanBP extract or an eluate from an importin ␤ column reconstituted aster formation in the portin ␤. The carboxyl terminus of NuMA (NuMA tail II; Merdes et al., 1996) bound to importin ␤, but only in the ⌬RanBP⌬APA extract ( Figure 7A ). Whereas no microtubule asters were seen in the ⌬RanBP⌬APA extract alone presence of importin ␣ ( Figure 7B ). This interaction was abolished by addition of RanGTP ( Figure 7B ). This result or in the presence of RanQ69L-GTP, microtubule-containing figures were readily detected when eluates from indicates that NuMA is an importin ␤ cargo regulated by RanGTP, and as with other NLS-containing proteins, the importin ␤ beads or a 1:20 dilution of the ⌬RanBP extract were added to the ⌬RanBP⌬APA extract (Figure the interaction is mediated by importin ␣. The NuMA tail II domain has been shown to possess 7A). In addition, we were able to induce microtubule asters when purified microtubule-associated proteins microtubule binding activity, and at high concentrations (7 M) can induce aster formation in egg extracts (MAPs; see Experimental Procedures) were added to the ⌬RanBP⌬APA extract ( Figure 7A) . Addition of the (Merdes et al., 1996) . To test directly whether NuMA contributes to APA, the tail II domain was added to same amount of the MAP fraction or the ⌬RanBP extract had no effect in untreated extracts (data not shown). double depleted ⌬RanBP⌬APA extracts ( Figure 7C ). Increasing amounts of the protein induced the formation Thus the double depleted ⌬RanBP⌬APA extract was still capable of forming microtubule asters. Aster formation of microtubule-containing asters in the depleted extract, with a maximum of 12 asters per l when 400 nM NuMA was restored by an activity that can be eluted from the importin ␤ affinity matrix and is present in an active was present, a concentration that had no effect in undepleted extracts ( Figure 7C ). Taken together, these data form in the ⌬RanBP extract. In addition, at least one component of APA is present in a purified MAP fraction.
provide strong evidence that NuMA is a part of the aster promoting activity that is sequestered by importin ␤ and A good candidate for an APA component is the nuclear mitotic apparatus protein ( of RanGTP are present throughout the extract, ectopic concentration of 0.2 mg/ml. DNA beads and chromatin bead spinin 0.5% Triton X-100 in PHEM (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgSO4, pH 7), fixing in 4% formaldehyde, 0.5% dles were assembled as described (Heald et al., 1996) .
For aster assays, the cytoplasmic extract was spun in a TLS-55 glutaraldeyhyde/PHEM, and rinsing in PBS. Chromosomes were stained with SYTOX green (Molecular Probes) for 1 min diluted rotor for 15Ј at 200,000 ϫ g, the cytoplasmic layer was collected, and the extract was flash-frozen in liquid nitrogen. All reactions were 1:10,000 in PBS. Images of fixed cells were collected on a Nikon TE-300 Quantum performed in a 20 l reaction volume unless indicated otherwise. Reactions were fixed and spun onto coverslips as described (Heald microscope equipped with an Ultraview (Perkin Elmer) dual spinning disk real-time confocal scanner. Confocal images were collected et al., 1997). Microtubule asters were scored as structures containing more than 10 MTs, well focused in a radiating fashion, and with a Hamammatsu Orca II cooled CCD camera. Z-series of optical sections were collected of each wavelength at 1 m intervals using in which the diameter was greater than 4 m. 
